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Transcription factorNF-Y is a conserved oligomeric transcription factor found in all eukaryotes. In plants, this regulator evolvedwith a
broad diversiﬁcation of the genes coding for its three subunits (NF-YA, NF-YB and NF-YC). The NF-YB members
can be divided into Leafy Cotyledon1 (LEC1) and non-LEC1 types. Here we presented a comparative genomic
study using phylogenetic analyses to validate an evolutionary model for the origin of LEC-type genes in plants
and their emergence from non-LEC1-type genes. We identiﬁed LEC1-type members in all vascular plant
genomes, but not in amoebozoa, algae, fungi, metazoa and non-vascular plant representatives, which present
exclusively non-LEC1-type genes as constituents of their NF-YB subunits. The non-synonymous to synonymous
nucleotide substitution rates (Ka/Ks) between LEC1 and non-LEC1-type genes indicate the presence of positive
selection acting on LEC1-type members to the ﬁxation of LEC1-speciﬁc amino acid residues. The phylogenetic
analyses demonstrated that plant LEC1-type genes are evolutionary divergent from the non-LEC1-type genes
of plants, fungi, amoebozoa, algae and animals. Our results point to a scenario in which LEC1-type genes have
originated in vascular plants after gene expansion in plants. We suggest that processes of neofunctionalization
and/or subfunctionalization were responsible for the emergence of a versatile role for LEC1-type genes in
vascular plants, especially in seed plants. LEC1-type genes besides being phylogenetic divergent also present
different expression proﬁle when compared with non-LEC1-type genes. Altogether, our data provide new
insights about the LEC1 and non-LEC1 evolutionary relationship during the vascular plant evolution.
© 2014 Elsevier Inc. All rights reserved.1. Introduction
Plant seed development can be conceptually divided into three
phases: embryogenesis, maturation, and the induction of desiccation
tolerance and seed dormancy [1]. Maturation is characterized by the
massive accumulation of storage compounds, especially lipids, proteins,
starches and sugars. These storagemolecules provide energy sources for
the establishment of seedlings after germination [2,3].
In Arabidopsis, seed maturation and dormancy induction are
genetically controlled by a network of master regulatory transcription
factors, including LEAFY COTYLEDON1 (LEC1) and LEC1-LIKE (L1L).
These genes encode proteins that play a central role in seeda, Universidade Federal do Rio
43.312, CEP 91501-970, Porto
nheiro).
eiro).development as transcriptional regulators of embryogenesis and seed
maturation [4–11].
Both LEC1 and L1L aremembers of a conserved oligomeric transcrip-
tion factor family found in all eukaryotes namedNF-Y (Nuclear Factor of
the Y box), which acts as a transcriptional regulator for different sets of
genes [12,13]. NF-Y is composed of three different subunits named NF-
YA (also known as HAP-2 or CBF-B), NF-YB (HAP3 or CBF-A), and NF-YC
(HAP5 or CBF-C).Whilemost eukaryotic genomes have only one or two
genes encoding eachNF-Y subunit [14,15] vascular plants NF-Y subunits
are generally encoded by gene families [14].
NF-YB subunit proteins typically consist of three domains: the
N-terminal A domain, the central B domain, and the C-terminal C
domain. The B domain is highly conserved across eukaryotes and is re-
quired for both DNA binding and interaction with other NF-Y subunits
[16,17]. NF-YB subunit members can be divided into two classes: the
LEC1-type and the non-LEC1-type. In Arabidopsis, the LEC1-type is
composed of LEC1 and the closely related subunit L1L, while the other
members of NF-YB are designated non-LEC1-type genes. This
381A. Cagliari et al. / Genomics 103 (2014) 380–387classiﬁcation is based on the presence of 16 amino acids in the B domain
that are only shared by LEC1 and L1L [18,19]. The results from domain
swapping and site-directed mutagenesis experiments have demon-
strated that the B domain is the protein portion that functionally differ-
entiates LEC1-type from non-LEC1-type proteins in the NF-YB family
[20]. Moreover, the in vivo function of the Arabidopsis LEC1 cannot be
replaced by other NF-YB subunits except L1L [18,20,21], demonstrating
the distinctive molecular activity of LEC1 and L1L genes. Additionally,
while non-LEC1-type genes are ubiquitously expressed in Arabidopsis,
the expression of LEC1-type genes is restricted to seeds and developing
siliques [6,18,22].
Although the importance of LEC1-type genes in transcriptional reg-
ulatory networks of seed development has been studied, the evolution-
ary history and origin of these genes were discussed in a single study
(Xie et al., 2008). These authors performed a phylogenetic analysis of
LEC1-type genes from a limited number of species (Arabidopsis thaliana,
Oryza sativa and Selaginella moellendorfﬁi; and non-LEC1 type of
Physcomitrella patens, Chlamydomonas reinhardtii, Volvox carteri, and
Cyanidioschyzon merolae), and proposed that LEC1-type genes have
originated in the vascular plant genome prior to the divergence of
seed plants. However, in light of the availability of new sequenced
genomes and given the importance of LEC1 and L1L genes in plants, fur-
ther studies involving a larger number of taxa may be useful to advance
in the understanding of unsolved questions about their evolutionary
history and the physiological meaning of their evolution.
In order to identify plant homologous coding LEC1-type and non-
LEC1-type and to expand the current understanding on the emergence
and evolution of LEC1-type genes in seed plants and their evolutionary
relationship with non-LEC1-types, we adopted a comparative genomic
approach to conduct a broad survey on fully sequenced genomes. Our
analyses included representatives of amoebozoa, yeasts, fungi, algae,
mosses, plants, vertebrate and invertebrate species, providing a broad
representation of eukaryotes. Phylogenetic analyses using Bayesian in-
ference were reconstructed, and an evolutionary model of the emer-
gence of LEC1-type genes in vascular plants is proposed and discussed.
2. Results and discussion
2.1. LEC1-type and non-LEC1-type genes have diverged during plant
evolution
We have adopted an extensive data mining approach (see Materials
andmethods) focusing on the identiﬁcation of LEC1 and non LEC1-type
genes in all fully sequenced eukaryotic genomes. A set of 29 completely
sequenced and 4 partially sequenced genomes (conifers) was
investigated.
We identiﬁed LEC1-type members in all vascular plant genomes
(Table 1), but not in amoebozoa, algae, fungi, metazoa and non-
vascular plant representatives, which present exclusively non-LEC1-
type genes as constituents of their NF-YB subunits. The number of
non-LEC1-type genes identiﬁed in plants varied in the analyzed species,
ranging from one gene in algae species to more than 20 genes in some
angiosperm species (Table 1). A total of 64 LEC1-type genes were iden-
tiﬁed in the genomes of vascular plants, with gene numbers ranging
from 1 to 6 copies in each species (Table 1). We have identiﬁed LEC1-
type genes in the lycophyte S. moellendorfﬁi but not in the moss
P. patens, both important model organisms for comparative genomics
(Table 1).
We performed a Bayesian analysis using the complete coding region
sequences to further investigate the phylogenetic relationships among
the identiﬁed plant LEC1-type genes (Fig. 1). A total of 165 positions
were included in the ﬁnal dataset. Phylogenetic analysis demonstrated
that LEC1-type members grouped in a well-supported clade (Posterior
probability = 1) in relation to the S. moellendorfﬁi and P. patens non-
LEC1-type genes. The non-LEC1-type gene from the green algae
V. carteri was used as outgroup (Fig. 1). One of the ﬁve sequencesidentiﬁed in the lycophyte representative (S. moellendorfﬁi) contained
amino acids exclusive to LEC1-type genes and grouped into the LEC1-
type clade by phylogeny (red star, Fig. 1). This result is in agreement
with the results obtained by Xie et al. (2008) and indicates that the or-
igin of LEC1-type genes occurred after the emergence of vascular plants,
as the non-vascular plant P. patens had no LEC1-type sequences.
Within the LEC1-type clade, we identiﬁed four main subclades,
named groups A, B, C and D (Fig. 1). Group A includes the LEC1-type se-
quences from conifers that clustered apart from angiosperm LEC1-type
genes, supported with strong posterior probability. The function of
LEC1-type genes in gymnosperms is notwell-known and could be relat-
ed with stress response and desiccation tolerance in vegetative tissues
as observed in lycophytes [23].
Groups C and D are moderately supported with posterior probabili-
ties of 0.72 and 0.85, respectively, and include sequences from angio-
sperm species. These groups most likely represent duplication events
that occurred during angiosperm evolution. The well characterized
Arabidopsis LEC1 (Ath9) and L1L (Ath6) members grouped separately
in Clades C and D, respectively (asterisks, Fig. 1). Each of these clades in-
cludes sequences from other eudicot species, implying that the duplica-
tion events occurred during eudicot emergence. Our results suggest that
the Arabidopsis LEC1 and L1L genes originated from two independent
duplication events, which occurred after the emergence of LEC1-type
genes in the vascular plant lineage (Fig. 1).
The monocot LEC1-type members (Group B, Fig. 1) formed a sepa-
rate cluster within the L1L Clade (group C) with moderate posterior
probability. No monocot LEC1-type genes were observed within LEC1
Clade (group D, Fig. 1), suggesting that the duplication that caused the
Arabidopsis LEC1 and L1L emergence was posterior to the monocot
and eudicot divergence. We also observed the formation of two sub
clusters within the monocot cluster, which indicates that these species
also passed through duplication events that could have originated the
monocot LEC1 and L1L genes.
2.2. LEC1-type genes display a high degree of conservation of essential B
domain amino acid residues
The classiﬁcation of NF-YB proteins between LEC1-type and non-
LEC1-type members is based on the speciﬁc amino acid residues of
their central B domain. The conserved core consensus sequence of the
B domain of plant LEC1-type genes is shown in Fig. 2A. All 16 amino
acid residues, described as exclusive to LEC1-type genes [18,19], exhib-
ited a high level of conservation among the species analyzed (arrows in
2A). Moreover, it was previously determined that one speciﬁc Aspartate
(Asp) residue,which is replaced by a Lysine (K) in non-LEC1-typemem-
bers, is required for LEC1 activity during embryogenesis and is able to
confer partial LEC1 activity (embryogenesis induction) to a non-LEC1-
type protein (Asp, red arrow in Figs. 2A and B) [20].
On an evolutionary scale, some proteins may require several key
substitutions before acquiring a new function, while others may be
more mutationally labile [24]. To understand how the evolution of
LEC1-type genes occurred we have analyzed the non-synonymous to
synonymous nucleotide substitution rates (Ka/Ks) between the B do-
mains of LEC1 and non-LEC1-type genes (Fig. 2B) in vascular plant se-
quences. Despite the high level of conservation between the B
domains of NF-YB genes, we have veriﬁed that some speciﬁc residues,
especially Asp, are very conserved in LEC1-type genes but not in non-
LEC1-type genes (Fig. 2B). This observation is in agreement with the
importance of this residue for LEC1-type activity.
A high Ka/Ks ratio between LEC1 and non-LEC1-type members was
veriﬁed, indicating the presence of positive selection acting on LEC1-
type members to the ﬁxation of LEC1-speciﬁc residues (arrows in
Fig. 2B indicate the position of LEC1-speciﬁc residues), contributing to
themaintenance of the LEC1-type and non-LEC1-type amino acid differ-
ences (Fig. 2B). On the other hand, we observed a low Pi(a)/Pi(s) ratio
(non-synonymous to synonymous nucleotide substitution rates inside
Table 1
LEC1-type genes identiﬁed in plant genomes.
Division Species NF–YB genes LEC1 type genes LEC1 type accession number
Tracheophyta Manihot esculenta 15 2 cassava4.1 032889m; cassava4.1 025848m
Ricinus communis 12 2 29629.m001369; 57991.m000014
Linum usitatissimum 23 6
Lus 10003909; Lusl0001914; Lus 10008981; Lusl0008980; 
Lusl0008978; Lusl0028845
Populus trichocarpa 17 2 POPTR0016s00740; POPTR_0006s00690
Medicago truncatula 10 1 Medtrlg046630
Phaseolus vulgaris 16 2 Phvulv091003579; Phvulv091021480
Glycine max 25 4
Glyma03gl8670; Glyma07g39820; Glymal7g00950; 
Glyma20g00240
Cucumis sativus 11 3 Cucsa.042160; Cucsa.042150; Cucsa.243990
Prunus persica 13 2 ppa026173m; ppa012143m
Arabidopsis thaliana 13 2 AT1G21970 (LEC1); AT5G47670 (L1L);
Arabidopsis lyrata 11 3 Alyrata 494206; Alyrata 921186; Alyrata 472432
Capsella rubella 10 2 Carubvl0011036m; Carubvl0028250m
Brassica rapa 20 4 Bra031356; Bra024924; Bra012301; Bra017471
Thellungiella
halophila
10 2 Thhalvl0009593m; Thhalvl0001185m
Carica papaya 9 1 evm.TU.supercontigl 2.138
Citrus sinensis 16 2 orange 1. Ig026469m; orange 1. Ig038325m
Citrus Clementina 10 2 clementine0.9_029519m; clementine0.9_020395m
Eucalyptus grandis 17 1 Eucgr.E03857
Vitis vinifera 12 3
GSVIVG01014690001; GSVIVG01014689001; GS VIV GO 
1002895001
Aquilegia coerulea 5 2 Aquca_005_00328; Aquca l 10 00016
Sorghum bicolor 10 2 SblOgO10520; Sb04g029350
Zea mays 18 3 GRMZM2G124663; GRMZM2G011789; GRMZM2G167576
Set aria italic a 9 2 Si020091m; Si008357m
Oryza sativa 10 2 Os06gl7480; Os02g49370
Brachypodium
distachyon
13 3 Bradilg43480; Bradilg43460; Bradi3g56400
Pinus Sylvestris * 1 1 Gb JF280795.1
Picea abies * 1 1 Gb JF280794.1
Pinus contorta * 1 1 Gi312861910
Selaginella
mollendorffii
5 1 Smoellindorffii 19595
Bryophyta Physcomitella patens 6 0 –
Clorophyte Volvox carteri 1 0 –
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under purifying selection (Fig. 2B).
2.3. Neofunctionalization and/or subfunctionalization processes as evolu-
tionary raw material for the origin of LEC1-type genes in vascular plants
To gain insight into plant LEC1-type gene emergence, we performed
a Bayesian phylogenetic reconstitution including LEC1 and non-LEC1-
type genes from representatives of all the analyzed genomes. The anal-
yses demonstrated that plant LEC1-type genes are evolutionary diver-
gent from the non-LEC1-type genes of plants, fungi, amoebozoa, algae
and animals (Fig. 3A). Our results point to a scenario in which LEC1-
type genes have originated in vascular plants after gene expansion in
plants, which is in agreement with previous results in which thefunction of the most ancient LEC1-type gene identiﬁed (lycophyte)
was conﬁrmed by its ability to functionally complement an Arabidopsis
lec1-1mutant [23]. In this context, the NF-Y expansion in the plant lin-
eage, through several independent duplication events into the NF-Y
family during the evolution and diversiﬁcation of plants [25], provided
the raw material from which LEC1-type genes originated.
Based on the fact that that exclusively in plants we observed gene
families coding for NF-YB subunit [14] and that only 16 amino acid
residues in the B domain are sufﬁcient to differentiate LEC1-type from
non-LEC1-type genes [18,19], we postulate that LEC1-type genes origi-
nated from an ancient duplicated non-LEC1-type gene (present in a
primitive eukaryotic organism, Fig. 3B) through the following: 1) a
neofunctionalization process, in which one duplicated copy may have
acquired a novel evolutionarily advantageous function that was
Fig. 1. Phylogenetic relationships between plant LEC1-type genes reconstructed by the Bayesian method. All the 64 protein sequences from LEC1-type genes identiﬁed in vascular plants
were used for Bayesian analysis. The non-LEC1-type protein sequences from moss (Physcomitella patens) and lycophyte (Selaginella mollendorfﬁi)were included in the analysis, and an
algae (Volvox carteri) non-LEC1 sequence was used as an outgroup. The posteriori probabilities are labeled above the branches. Taxa terminologies are abbreviated using the ﬁrst letter
of the genus and two letters of the species name: Manihot esculenta (Mes), Ricinus communis (Rco), Linum usitatissimum (Lus), Populus trichocarpa (Ptr), Medicago truncatula (Mtr),
Phaseolus vulgaris (Pvu), Glycine max (Gma), Cucumis sativus (Csa), Prunus persica (Ppe), Arabidopsis thaliana (Ath), Arabidopsis lyrata (Aly), Capsella rubella (Cru), Brassica rapa (Bra),
Thellungiella halophila (Tha), Carica papaya (Cpa), Citrus sinensis (Csi), Citrus clementina (Ccl), Eucalyptus grandis (Egr), Vitis vinifera (Vvi), Aquilegia coerulea (Aco), Sorghum bicolor
(Sbi), Zea mays (Zma), Setaria italica (Sit), Oryza sativa (Osa), Brachypodium distachyon (Bdi), Pinus Sylvestris (Psy), Picea abies (Pab), Pinus contorta (Pco), Selaginella mollendorfﬁi
(Smo), Physcomitella patens (Ppa) and Volvox carteri (Vca). Red star represents the S. moellendorfﬁi LEC1-type gene. Black circle A includes the LEC1-type sequences from conifers. Black
circles B and C include sequences from angiosperm species. The well characterized Arabidopsis L1L (Ath6) and LEC1 (Ath9) members grouped separately in Clades B and C and are rep-
resented by asterisks.
383A. Cagliari et al. / Genomics 103 (2014) 380–387preserved by natural selection,while the other copy retained its original
function [26] and/or 2) a subfunctionalization process in which,
after duplication, mutations may have occurred in both duplicated
genes, leading to specialization that enabled the genes to perform
complementary functions (Fig. 3B) [27,28]. In this context, LEC1-type
neofunctionalization and/or subfunctionalization would be responsible
for conferring the speciﬁc expression patterns and functions observedin LEC1-type genes,which differ from the expression patterns and func-
tions of non-LEC1-type genes in Arabidopsis and other vascular plants.
An example of this type of genetic diversiﬁcation can be observed in
the terpene synthase gene family of the Norway spruce (Picea abies)
in which a small number of key amino acid substitutions among
paralogs was sufﬁcient to alter their substrate speciﬁcity and terpenoid
product proﬁles [24,29].
Fig. 2. Selection pressure acting on theNF-YB conserved B domain. A) A LEC1-type conserved core consensus sequence logowas createdwith all sequences collected from fully sequenced
genomes. Below the logos is a text representation of the majority amino acid consensus sequence created from the species. The overall height in each stack indicates the sequence con-
servation at that position; the height of each residue letter indicates the relative frequency of the corresponding residue. Amino acids are colored according to their chemical properties:
green for polar, non-charged, non-aliphatic residues (NQST), blue formost hydrophobic (A, C, F, I, L, V,W andM), red for positively charged (KR),magenta for acidic (DE), pink for histidine
(H), orange for glycine (G), yellow for proline (P) and turquoise for tyrosine (Y) amino acids. Black arrows indicate LEC1-type conserved residues. The red arrow indicates the crucial Asp
residue. B) Estimation of Ka/Ks rates of the plant NF-YB conserved domain. Comparison of substitution rates (y axis) performed between full-length cDNA sequences of plant LEC1 and
non-LEC1-type sequences (x axis). Black arrows indicate LEC1-type conserved residues. The red arrow indicates the crucial Asp residue.
384 A. Cagliari et al. / Genomics 103 (2014) 380–387Even if we just consider LEC1-type genes we also observed that
they have been passed through a neofunctionalization and/or
subfunctionalization, since they acquired different functions in vascular
plants, being involvedwith embryogenesis and seedmaturation in seed
plants [6,18,20,21,30] and desiccation tolerance in vegetative tissues in
non-seeds plants [23]. It was proposed that the expression of LEC1-type
genes under drought stress in non-seed plants was recruited to play
novel functions in early stages of seed plant evolution, being expressed
during seed development and maturation [23].
To test this hypothesiswe runout an expression analysis of LEC1 and
non-LEC1-type genes of monocot (rice and maize) and eudicot
(Arabidopsis and soybean) representatives using the Genevestivator
database (https://www.genevestigator.com) to gain insights about the
expression proﬁle of these genes. We observed that the expression of
LEC1-type genes, when detected in the available conditions of
Genevestigator database, was restricted to seed compartments
(or structures that contain seeds, e.g. inﬂorescence), while the expres-
sion of non-LEC1-type genes was spread throughout different organs
and tissues (Fig. 4). Altogether, these results indicate that the phyloge-
netic divergence observed for LEC1-type also reﬂect a different and
exclusive seed expression proﬁle when compared with non-LEC1-type
genes, corroborating with our hypothesis that a process of
neofunctionalization and/or subfunctionalization resulted in the emer-
gence of a different role for LEC1-type genes, especially during seed de-
velopment in vascular plants.
In an evolutionary perspective, the emergence of LEC1-type genes
could have conferred selective advantages to vascular plants
thatwere important to the spread of these organisms throughout differ-
ent habitats and environmental conditions. In this scenario, the emer-
gence of LEC1-type genes in vascular plants and their posterior
neofunctionalization/subfunctionalization represented an importantstep in the control of seed maturation process and, consequently could
have contributed for the reproductive success of seed plants.
In conclusion,we present a comparative genomic study using robust
phylogenetic analyses including a vast number of taxa to validate an
evolutionary model for the origin of LEC-type genes in plants and to
help to elucidate the LEC1 and L1L relationship. We proposed a model
in which the LEC1-type genes originated from an ancient Eukaryotic
non-LEC1-type gene after duplication events occurred in plants and
the emergence of a different role for LEC1-type genes, especially during
seed development in vascular plants occurred through a process of
neofunctionalization and/or subfunctionalization.3. Material and methods
3.1. Sequence search
Exhaustive data mining searches were performed using Arabidopsis
LEC1 and L1L coding sequences as queries (blastp, blastx and tblastx)
against Protein and Genome databases with the default parameters
and an e-value threshold of 1.0 E−50 at NCBI (National Center for
Biotechnology Information, http://www.ncbi.nlm.nih.gov), the com-
pleted genome project database at the JGI (Joint Genome Institute
http://www.jgi.doe.gov) and the phytozome (http://www.phytozome.
net/) to identify LEC1-type genes in fully sequenced genomes, including
representatives of amoebozoa, yeast, fungi, algae, mosses, plants, and
vertebrate and invertebrate species. Due to the lack of complete
sequenced genomes for conifers, we performed an additional search
on the incomplete genome of conifers that were represented in NCBI.
A gene was classiﬁed as a LEC1-type if it possessed the majority of
LEC1-type speciﬁc residues in its conserved histone-fold motif.
Fig. 3. Evolutionary divergence between LEC1 and non-LEC1-type genes. A) LEC1-type genes (A—black) are evolutionary divergent from non-LEC1-type genes of vascular plants, non
vascular plants and algae (B—light blue) and fungi and animals (C—dark blue). A total of 165 protein sequences representing the fully sequenced eukaryotic genomes were included in
the Bayesian analyses. The non-LEC1-type genes from themoss Physcomitella patens, the lycophyte Selaginella mollendorfﬁi and the algae Volvox carteri (B) were included in the analysis,
and an amoebozoa (Dictyostelium purpureum, black star) non-LEC1 type sequence was used as outgroup. The posteriori probabilities are labeled on the collapsed branches. The plant
representative species includeManihot esculenta, Ricinus communis, Populus trichocarpa,Medicago truncatula, Glycine max, Cucumis sativus, Prunus persica, Arabidopsis thaliana, Sorghum
bicolor, Oryza sativa, Pinus Sylvestris, Picea abies, and Pinus contorta. The fungi and animal species include Candida tropicalis, Aspergillus nidulans, Caenorhabditis elegans, Anopheles gambiae,
Danio rerio,Mus musculus, Xenopus tropicalis and Gallus gallus. B) Evolutionary model proposed for LEC1-type genes in vascular plants. LEC1-type genes originated from an ancient non-
LEC1-type present in a primitive eukaryote andweremaintained as a single non-LEC1 copy gene in amoebozoa, animals, fungi and algae.Gene expansion events resulted inmultiple copies
of non-LEC1-type genes in plants. LEC1-type genes originated from an ancient duplication of a non-LEC1-type gene through neofunctionalization and/or subfunctionalization processes,
becoming preserved by natural selection in vascular plants.
385A. Cagliari et al. / Genomics 103 (2014) 380–3873.2. Sequence alignment and phylogenetic analysis
Nucleotide and protein sequences were aligned and inspected using
MUSCLE [31] implemented inMolecular Evolutionary Genetics Analysis
(MEGA version 5.0) [32]. Taxa terminologies are abbreviated using theﬁrst letter of the genus and two letters of the species name (e.g., Rco
corresponds to Ricinus communis).
The phylogenetic analyses were reconstructed with either complete
protein sequences or with the conserved central B domain of NF-YB
genes. Bayesian analysis was conducted in MrBayes 3.1.2 [33]. The
Fig. 4. Expression proﬁle of LEC1-type and non-LEC1-type genes in A) Arabidopsis, B) soybean, C) maize and D) rice. The expression analysis was run out using Genevestigator software
(https://www.genevestigator.com). Note that while the expression of non-LEC1-type genes is spread throughout several organs and tissues, the expression of LEC1-type genes (when
detect under the Genevestigator conditions) is restricted to seeds or structures that will generate seeds (e.g. inﬂorescences).
386 A. Cagliari et al. / Genomics 103 (2014) 380–387mixed amino acid substitution model plus gamma and invariant sites
was used in two independent runs of 20,000,000 generations each
with two Metropolis-coupled Monte Carlo Markov chains (MCMC)
that were run in parallel (starting each from a random tree). Markov
chains were sampled every 100 generations, and the ﬁrst 25% of the
trees were discarded as burn-in. The remaining trees were used to com-
pute themajority rule consensus tree, the posterior probability of clades
and branch lengths.
The pairwise synonymous (Ks) and non-synonymous (Ka) numbers
of substitutions corrected for multiple hits were calculated using the
DnaSP software (DNA polymorphism analysis) [34].References
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